[1] To determine the Jovian internal rotation rate, historically one has used the repetition period (periodicity) of decametric and decimetric radio waves. The period with which decametric and decimetric radio waves recur on Jupiter (the System III period) was defined by the IAU in 1965 to be 9h 55m 29.71s, based on early radio astronomical data. A more direct way to determine this period is to examine the rotation rate of the dipole field. We have done this using Galileo, Pioneer 10 and 11, Voyager 1 and 2, and Ulysses data over a 25-year period. We find a small drift in the apparent longitude of the dipole axis that is statistically significant, consistent with there being a small error in the original IAU period, one within the error expected in the defined period. The newly derived period is 9h 55m 29.704 ± 0.003s, 6ms shorter than the 1965 IAU definition, and inconsistent with the value of 9h 55m 29.685s proposed by Higgins et al.
Introduction
[2] Since Jupiter has no solid surface from which to determine the rotation rate of its interior, it has been traditional to use the period based on radio emissions as a proxy for the internally driven magnetic field. This period, called System III (1965) , was defined by the IAU to be 9h 55m 29.71s, corresponding to 870.536 degrees of rotation per Earth day [Dessler, 1983] . A more direct method of determining the rate of rotation of the planetary magnetic field is to use the in situ measurements of the magnetic field obtained with Pioneer, Voyager, Ulysses, and Galileo missions. An earlier result [Russell et al., 2001a] found that the rotation rate of the dipole was consistent with the originally defined period. Since then, more data have been returned by the Galileo spacecraft. These additional data have made it possible to conduct a more accurate determination of the dipole location during the Galileo epoch. We have also reanalyzed the pre-Galileo data using the same inversion techniques as used for Galileo to ensure that no errors have been introduced by the use of different techniques by the several authors. We examine first the evidence for apparent drift of dipole longitude in the IAU System III (1965) when Galileo was in orbit about Jupiter. We then combine the Galileo data with the earlier Pioneer, Voyager, and Ulysses data to determine if the longer baseline can provide a more accurate estimate of the period than the presently defined system III period. We find a small but statistically significant difference in the rotation rate from the 1965 IAU value, but within the stated error of this period.
Internal Field Model
[3] The observed magnetic field of Jupiter consists of two parts: the internal field together with an external field associated with the current systems in the magnetosphere.
Outside of the region where currents are flowing, a magnetic field can be represented as the gradient of a scalar potential so that
And we can write this as the sum of spherical harmonics:
where a is the equatorial radius of Jupiter; r is the radial distance to the planet's center, angles q and 8 are colatitude and longitude, respectively. P n m (cos q) are Schmidt-normalized associated Legendre functions of degree n and m, and the g, h are the internal field parameters (Schmidt coefficients). We solve this matrix inversion to obtain the coefficients, g and h, using singular value decomposition, and calculating condition numbers to judge stability [Lanczos, 1971] . Complete details of the solution are given by Yu [2004] .
[4] We do not simultaneously fit all the external and internal coefficients of the magnetic field during the Galileo epoch. Rather, we assume that the external field model of Khurana [1997] and the O6 octupole magnetic field [Connerney, 1992] are correct and calculate coefficients for fitting the residual field that then can be used to ''correct'' the O6 model. The external field appears to be quite stationary during this period. The lowest order external field term, the one independent of radius, was constant, varying less than 10 nT from orbit to orbit [Russell et al., 2001b] . We also estimate the noise level (the part we cannot fit, the real random noise of the un-modeled physics) from the difference of the observed field and the best-fit residual field. This noise level was 7.3 nT calculated from all Galileo data within 15 Jovian radii. We plotted this scalar noise level together with the mean square field of Jupiter's quadrupole (n = 2) and octupole (n = 3) field in Figure 1 . The estimation of this external noise is important because it can be used to calculate the errors of the internal field harmonic coefficients from the standard singular value decomposition procedure. Meanwhile, by using this noise level, the inversion quality of each orbit can be quantified. This inversion quality can also help choose the optimum number of coefficients to use in the internal field model for the inter-orbit comparison of the dipole longitudes.
[5] Figure 1 provides us with a very clear view of the quality of the Galileo measurements for multipole field inversions. The orbits that were obtained outside of 7 R J are of relatively poor inversion quality for the higher order internal field, because the noise in the observations is comparable to the contribution from the octupole (n = 3) moment. This noise makes the octupole coefficients and above difficult to resolve well. Orbits with lower perijove altitudes provide higher inversion quality for the internal magnetic field which enables us to get more accurate internal field harmonic coefficients (corresponding to the multipole moments). This is verified by the condition numbers for each orbit as discussed below. In this study, we require only the dipole moment for the System III rotational period. Therefore, all Galileo orbits are acceptable.
Available Data
[6] While Galileo's measurements extended from 1995 to 2003, the useful data for this analysis began in 1996 (G1) and ended in 2002 (I33). The data on the first twenty orbits (orbit G1 to orbit C20) were obtained outside of 9 R J . Measurements inside 8 R J were not available until the 21st orbit (C21) in mid-1999. The later orbits (orbit C21 to orbit I33) went closer to Jupiter with I32 having the closest approach of 5.78 R J . Figure 2 shows the spatial coverage of all the twenty-two orbits whose data were used in this study. Twelve of them are from the earlier orbits and are plotted in two groups in Figure 2 (left). The remaining ten are from the later orbits, and are also plotted in two groups in Figure 2 (right). We can see that most Galileo orbits are well confined to the equatorial plane, within a range of two degrees.
[7] The closest approach distance of an orbit is not the only factor determining the inversion quality. In general, the spatial coverage is also important. However, since most of Galileo's orbits remained close to the equatorial plane, the perijove distance is the dominant factor. Their quality for inversion of the internal magnetic field can be quantified by their condition numbers, a simple indicator of the quality that is solely determined by the orbit's trajectory. As shown in Figure 3 , for a full octupole internal field model with 15 harmonic coefficients, the condition numbers vary greatly from orbit to orbit, but those of the later orbits are apparently scaled at a lower level (except orbit I33), indicating a higher inversion quality. In contrast for a full quadrupole internal field model with 8 harmonic coefficients, the condition numbers are rather constant from orbit to orbit. Thus, for inter-orbit comparison, the quadrupole model is more meaningful as the inversion quality of each orbit is similar.
[8] An earlier result resolved no significant difference from the official 1965 IAU rotation period [Russell et al., 2001a] . This study used data prior to Galileo orbit G28, and required Pioneer and Voyager data to make the test. Since the writing of that paper, more Galileo data have been returned with lower perijove distances, and improved analysis techniques have been developed. In this study, we examine only data inside 15 R J for which data from three complete Jupiter rotations were available. Data at greater distances are less dominated by the internal field and more distorted by the external field.
[9] The full quadrupole internal magnetic field model has three dipole coefficients and five quadrupole coefficients. However, the linear quadrupole coefficient g20 (whose field is minimized in the equatorial plane) is poorly determined by Galileo orbits which are confined to the equatorial plane throughout the mission. To improve the credibility of the inversion results, we use instead a 7-coefficient truncated quadrupole model. Excluding this one coefficient, g20, from the internal field model improves the accuracy of the remaining coefficients. Since we are fitting the residual field after the removal of the O6 model, this truncation is tantamount to assuming the g20 coefficient of the O6 model is correct. Other than increasing the stability of the 22 inversions, this truncation does not affect the determination of the dipole magnetic field that is the objective of this analysis.
Analysis
[10] In order to perform statistical tests on the validity of the results, we divide the dipole longitudes for each of the 22 orbits into six groups with four points, the last of which has two points overlapped with the previous group as shown in Table 1 . We then apply the standard F-test to the groups. These six groups have 5 degrees of freedom and a mean square variance of 0.49. The F statistic for our data set is 1.33, and the probability that the null hypothesis (same mean with no trend) is true is 0.30. Thus, the change in the longitude of the Jovian dipole over the 6 years of Galileo data is not significant. To further refine the drift rate, we combine our data with those from earlier epochs to obtain a longer baseline. We use the same inversion scheme (a 7-coefficient truncated quadrupole) to invert the previous spacecraft data sets -Pioneer 11, Voyager 1/2 and Ulysses. We do not include the Pioneer 10 data as its trajectory is within the region where the external field model did not work well. Additionally, Pioneer 10 provided a much shorter swath of longitudes [Smith and Jones, 1976] . Where there is a choice of measurements, we have chosen the fluxgate magnetometer data for consistency.
[11] If we compare the average Galileo longitude with that of the O6 model, which basically represents the epoch of Pioneer 11 in 1975, we obtain a longitude drift rate of 0.076 degrees per year, a value close to the value found within the Galileo epoch. However, drawing a straight line between two points does not return an estimate of the error in the slope. In order to obtain such an estimate, we use the Pioneer 11, Voyager 1 and 2, Ulysses, and six Galileo values to calculate a slope.
[12] The dipole longitudes are shown in Figure 4 . Fitting the 4 pre-Galileo and 6 Galileo points with equal weights, we obtain a change of 0.057 ± 0.027 degrees per year since Pioneer 11 in 1974. The F statistic for this set is 7.73 and the probability that the null hypothesis (no trend) is false is 93%. Thus, given a longer baseline, we find relatively strong evidence for a change in the longitude of the Jovian dipole over the 25 years from Pioneer epoch to Galileo epoch. Again, this value is consistent with the estimate we have made using the Galileo data only, and the Galileo data plus the O6 model. However, we obtain more confidence and precision with this approach.
[13] The best-fit change in longitude of 0.057 degrees per year shown in Figure 4 would be reduced to zero if the I  G1, G2, E7, and G7  II  G8, C9, C10, and E11  III  E14, E15, E17, and C20  IV  C21, C22, C23, and E26  V  I27, G28, G29, and I31  VI  G20, I31, I32, and I33 actual period were 9h 55m 29.704 seconds. This is 6 ms shorter than the 1965 IAU period. The one sigma error in the slope is 0.027 degrees per year. This corresponds to an uncertainty of 3ms. Then our most accurate value of the Jovian rotation period is 9h 55m 29.704 ± 0.003s.
Discussion
[14] An earlier attempt to update the 1965 IAU System III period was made by Higgins et al. [1997] using radio data. Our value is inconsistent with their value of 9h 55m 29.685 ± .0035s, but it is consistent with the 1965 IAU value within its stated accuracy. We recommend that the original IAU (1965) definition be retained or our new value be adopted. We note that the IAU has recommended the Higgins et al. [1997] value be adopted and that beginning in 2003, the JPL SPICE system adopted this value. All calculations in this paper use data reduced prior to the use of the Higgins et al. value in the SPICE system. The IAU report recommending the adoption of the Higgins et al.
[1997] period is not available in the open literature.
Summary and Conclusions
[15] We have used data from the complete Galileo mission to update our estimate of Jupiter's rotation rate. We have tailored our inversion scheme to obtain the most trustworthy internal field harmonic coefficients values for the dipole field. This same technique is also applied to preGalileo spacecraft measurements. Our results show a small dipole longitude drift within the Galileo period, but it is not significant given the scatter in the data. Over the longer baseline back to the Pioneer/Voyager epoch we find a small drift that is significant. This in situ measurement of the period of rotation of the dipole field of 9h 55m 29.704s indicates the correction needed to the current IAU value is a shortening by 0.006 ± 0.003s, a value inside the stated accuracy of the IAU System III (1965) period. This result validates the assumption behind the original IAU definition. The radio astronomical periodicity of Jupiter does reflect the rotation of the main field and its deep-seated source inside Jupiter. This result also should encourage continued attempts to find Saturn's ''System III'' period in the magnetic records. Currently, only the variable ''System IV'' SKR period has been found in these records. Lastly, mission designers interested in the interiors of Uranus and Neptune should ensure that sufficient magnetic measurements are obtained by orbital missions so that the rotation period can be very precisely defined. 
